Landscape Ecol (2012) 27:211-225
DOI 10.1007/s10980-011-9653-8

RESEARCH ARTICLE

Simulating the effects of climate change on population
connectivity of American marten (Martes americana)
in the northern Rocky Mountains, USA

T. N. Wasserman * S. A. Cushman - A. S. Shirk -
E. L. Landguth - J. S. Littell

Received: 30 March 2011/ Accepted: 29 August 2011 /Published online: 15 September 2011

© Springer Science+Business Media B.V. (outside the USA) 2011

Abstract We utilize empirically derived estimates
of landscape resistance to assess current landscape
connectivity of American marten (Martes americana)
in the northern Rocky Mountains, USA, and project
how a warming climate may affect landscape resis-
tance and population connectivity in the future. We
evaluate the influences of five potential future tem-
perature scenarios involving different degrees of
warming. We use resistant kernel dispersal models
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to assess population connectivity based on full occu-
pancy of suitable habitat in each of these hypothetical
future resistance layers. We use the CDPOP model to
simulate gene exchange among individual martens in
each of these hypothetical future climates. We eval-
uate: (1) changes in the extent, connectivity and
pattern of marten habitat, (2) changes in allelic
richness and expected heterozygosity, and (3) changes
in the range of significant positive genetic correlation
within the northern Idaho marten population under
each future scenario. We found that even moderate
warming scenarios resulted in very large reductions in
population connectivity. Calculation of genetic corre-
lograms for each scenario indicates that climate driven
changes in landscape connectivity results in decreas-
ing range of genetic correlation, indicating more
isolated and smaller genetic neighborhoods. These, in
turn, resulted in substantial loss of allelic richness and
reductions in expected heterozygosity. In the U.S.
northern Rocky Mountains, climate change may
extensively fragment marten populations to a degree
that strongly reduces genetic diversity. Our results
demonstrate that for species, such as the American
marten, whose population connectivity is highly tied
to climatic gradients, expected climate change can
result in profound changes in the extent, pattern,
connectivity and gene flow of populations.
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Introduction

Changes in climate affect a range of ecological
conditions, leading to change in species distributions
and range shifts. There has been a proliferation in
research about the potential effects of climate change
on range shifts and population connectivity. Many
researchers have utilized the “bioclimatic envelope”
approach, which predicts future shifts in the climatic
conditions currently associated with species distribu-
tions (Iverson et al. 1999; McKenzie et al. 2003;
Rehfeldt et al. 2006). There are several major limita-
tions of this approach. Most importantly, they project
spatial shifts in niche-suitability but do not typically
explicitly address the ability of the focal species to
disperse from current to projected future ranges.
Without explicit assessment of species migration
potential, bioclimatic niche projections merely show
the changes in the distribution of suitable environ-
mental conditions, which may be very different than
likely future distributions if the species has limited
dispersal ability or if substantial landscape barriers lie
between current and projected future ranges. Second,
most past work on projecting climate driven changes
in species distributions are conducted at coarse spatial
scales, in which fine-scale environmental variability is
averaged away. Such coarse-scale models of environ-
mental control may miss important drivers of ecolog-
ical variability. The dominant scales of environmental
control typically include the scale at which species
directly interact with their environment (Cushman
et al. 2007, 2010a). Analyses conducted at inappro-
priate scales may fail to identify potential refugia or
accurately assess migration potential and likely dis-
persal routes (Wiens et al. 2009; Cushman et al.
2010b). Reliable prediction of climate change impacts
on species distributions requires empirically based,
process-driven analyses conducted at the scales that
dominate the species-environment relationship (e.g.
Cushman et al. 2007; Evans and Cushman 2009).
Recent research has indicated that population
connectivity of American marten (Martes americana)
in the U.S. northern Rocky Mountains is controlled by
elevational gradients in landscape resistance to gene
flow (Wasserman et al. 2010). The optimal resistance
model identified in Wasserman et al. (2010) is closely
related to areas of high winter snowpack and moist
montane forest. We speculate that this strong rela-
tionship between gene flow and elevation reflects
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marten requirement for deep snowpacks (suggesting
avoidance of low elevations) in interaction with
habitat preference for mesic, middle elevation forest
(which suggests avoidance of lowest and highest
elevations; Wasserman 2008). The lack of association
with forest cover, forest type and other habitat features
suggests that movement of dispersing juvenile martens
is primarily related to elevation. This, in turn, suggests
an association with climate.

Climate change is predicted to result in large
increases in winter temperature in the northern Rocky
Mountains (IPCC 2007; Littell et al. 2011). This is
likely to result in substantial decrease in the depth of
average winter snowpacks (Elsner et al. 2010; Littell
et al. 2011) and migration of forest communities
upward in elevation. Given the biology of the Amer-
ican marten and its association with elevational
gradients, this will increase the average resistance of
the landscape to martens and could result in increased
isolation of remnant populations in high elevation
mountains separated by the deep river valleys that
bisect the region. This suggests that population
connectivity of American martens in the northern
Rocky Mountains may be highly vulnerable to climate
change.

Objectives

The goal of this study is to predict the effects of future
climate change on population connectivity and genetic
characteristics of an American marten population in
the U.S. northern Rocky Mountains. To accomplish
this goal, we address three research objectives. First,
we use a landscape resistance map derived from
empirical landscape genetic modeling to predict the
current extent and fragmentation of American marten
dispersal habitat. Second, we use a spatially explicit
simulation model to predict the population genetic
characteristics of this current population as functions
of landscape resistance and compare predictions with
the actual current genetic structure of the marten
population. Third, we evaluate changes in the extent
and fragmentation of marten habitat under five
scenarios involving upward shifts of current temper-
atures by 100, 200, 300, 400, and 500 m, correspond-
ing to climatic warming of between 0.65 and 3.25°C,
bracketing the range of temperature increase expected
in the region for the middle of the twenty-first century
(Mote and Salathé 2010). Fourth, we simulate changes
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in population genetic structure of the marten popula-
tion under each of these scenarios.

Methods
Study area

The study area consists of an approximately 5500 km?*
area in the Selkirk, Purcell and Cabinet Mountains,
including portions of the states of Idaho, Montana,
Washington and the province of British Columbia
(Fig. 1). Landownership consists of U.S. Forest Service
(Idaho Panhandle National Forest), state, Crown,
provincial and private timber lands, and private
residences. The topography is mountainous, with steep
ridges, narrow valleys and many cliffs and cirques at the

Canada

Washington | |daho Montana

Fig. 1 Study area orientation map and current landscape
resistance. The study area includes approximately 5500 km?
in northern Idaho, northeastern Washington and northwestern
Montana, as well as southern British Columbia. The map in the
top panel depicts the resistance map produced by Wasserman
et al. (2010)

highest elevations. Elevation ranges from approxi-
mately 700 to 2700 m, with upper tree line at approx-
imately 2500 m. The Kootenai River divides the study
area, separating the Selkirk Mountains on the west from
the Purcell Mountains on the east with a 5-8 km wide
unforested, agricultural valley and a broad, deep river.
Other major drainages include the Pend Oreille River,
on the far western edge of the study area, and the Priest
River in the western third. The area is heavily forested,
with Abies lasiocarpa (subalpine fir) and Picea engel-
mannii (Engelmann spruce) codominant above
1300 m, and a diverse mixed conifer forest dominating
below 1300 m. For further description of the vegetation
community in the study area see Cushman et al. (2006)
and Evans and Cushman (2009).

Landscape resistance model

We utilize a landscape resistance map for American
marten derived from an empirical landscape genetic
analysis (Wasserman et al. 2010). The analysis used a
univariate scaling analysis within a two-step form of
the causal modeling approach (Cushman et al. 2006)
to integrate model selection with null hypothesis
testing in individual-based landscape genetic analysis.
The causal modeling approach to landscape genetic
inference has been shown to have high power to
identify the correct generating process and reject
spurious correlated alternative hypotheses (Cushman
and Landguth 2010). Wasserman et al. (2010) found
that gene flow in American marten in northern Idaho is
primarily related to elevation, and that alternative
hypotheses involving isolation by distance, geograph-
ical barriers, effects of canopy closure, roads, tree size
class and an empirical habitat model are not supported.

Gene flow in the Northern Idaho American marten
population is driven by an elevational gradient of
landscape resistance. Landscape resistance to gene
flow is at minimum at 1500 m and resistance increases
as a Gaussian function of elevation with a 300 m
standard deviation to a maximum resistance of 10
(Fig. 1). The resistance value in the cost map repre-
sents the cost of crossing each cell relative to the least-
cost landscape condition (1500 m). This resistance
layer is used as the basis for all analyses of current
population connectivity and simulation of current
landscape genetic structure. It is also used as the
starting point for predicting future landscape resis-
tance under the five climate change scenarios.
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Climate change scenarios

Projected climate changes in the Pacific Northwest vary
with global climate model, time frame, season and
greenhouse gas emissions scenario. Mote and Salathé
(2010) project increases in Pacific Northwest (PNW)
regional autumn, winter, and spring temperature of
about 1.4-2.0°C by the 2040s and 2.1-3.4°C by the
2080s (relative to 1970-1999, A1B and B1 emissions
scenarios average across 20 and 19 IPCC AR4 global
climate models (GCMs), respectively). Extending
methods described in Elsner et al. (2010), Littell et al.
(2011) and McKelvey et al. (in press) used a basic
spatially explicit downscaling method to downscale
monthly PNW regional projections from 10 best-ranked
GCMs to 1/16th degree (~5 x 7 km) and reported
projected climate changes by ecosections. For the
ecosection containing the landscape in this study
(Bailey M333A), the 10 GCM ensemble cool season
(October—March) temperature changes are expected to
average +1.7°C by the 2040s (2030-2059) and +3.3°C
by the 2080s (2070-2099) relative to the 1970-1999
mean of —0.4°C.

Assuming a long term average standard environ-
mental lapse rate (rate of decrease in temperature with
elevation) of —6.5°C/km, this is equivalent to an
increase in the elevation of current temperatures of
approximately 270 m by the 2040s and 500 m by the
2080s (relative to 1970-1999). While lapse rates vary
considerably with topography and season in the Pacific
Northwest (e.g., Minder et al. 2010), the standard
environmental lapse provides a baseline for future
comparison. More importantly, this temperature
increase crosses the 0°C isotherm for the landscape
(historical average October—March mean temperature
estimated to be —0.4°C for ecosection M333A),
suggesting a decline in the proportion of winter
precipitation falling as snow. Averaged over the
M333A ecosection, snowpack is projected to change
—75% by the 2040s under the 10 GCM ensemble and
an A1B emissions scenario (Littell et al. 2011).

We specified five scenarios of climate driven
changes to landscape resistance to American marten
in the study area. Specifically, we evaluated the effects
of upward shift of current temperatures by 100, 200,
300, 400, and 500 m from the current optimum
elevation of 1500 m (Wasserman et al. 2010). This
represents a rather conservative range of scenarios,
with an upward shift of mean annual temperatures of
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approximately 500 m expected by 2080 (Littell et al.
2011). Matching our scenarios with Littell et al. (2011)
our +300 m scenario approximates expected climatic
warming for year 2040, and our +500 m approximate
warming expected by 2080.

Modeling current and future habitat connectivity

We predicted current and future habitat connectivity
for American marten using a least-cost resistant kernel
approach (e.g. Compton et al. 2007; Cushman et al.
2010a, b) coupled with landscape pattern analysis with
FRAGSTATS (McGarigal et al. 2002). The resistant
kernel approach to modeling landscape connectivity
has a number of advantages as a robust approach to
assessing current population connectivity for multiple
wildlife species under climate change scenarios. First,
unlike most corridor prediction efforts, it provides
prediction and mapping of expected migration rates
for every pixel in the study area, rather than only for a
few selected “linkage zones” or narrow corridors (e.g.
Compton et al. 2007). Second, scale dependency of
dispersal ability can be directly included to assess how
species of different vagilities will be affected by
landscape change and fragmentation under a range of
scenarios (e.g. Cushman et al. 2010a). Third, it is
computationally efficient, enabling simulation and
mapping at a fine spatial scale across large geograph-
ical extents (e.g. Cushman et al. 2010b, 2011a).

The resistant kernel approach to connectivity
modeling is based on least-cost dispersal from a
defined set of sources. The sources in our case are a
uniform grid of pixels seeded onto the resistance maps.
The source grid places dispersing individuals every
1.5 km in cells with landscape resistance less than 2.
This roughly reflects the spacing of home ranges for
this species in this landscape (Wasserman 2008), and
restricts origin cells to locations of relatively high
suitability as dispersal habitat for the species (Wass-
erman et al. 2010). Dispersal habitat is different than
home-range habitat relationships (Wasserman 2008;
Wasserman et al. 2010). The model employed in this
paper predicts genetic differentiation (and is based
purely on elevation; Wasserman et al. 2010), while
habitat utilization (Cushman 2011b; Wasserman
2008) of marten in this study area is related to a more
complex suite of factors (elevation, roads, forest type,
patch density, seral stage). As the goal of this paper is
to predict population connectivity we limit analyses to
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the resistance map based on dispersal (Wasserman
et al. 2010). The costs reflected in the resistance map
are used as weights in the dispersal function, such that
the expected population density in a pixel is down-
weighted by the cumulative cost from the source,
following the least-cost route (Compton et al. 2007).

The model calculates the expected relative density of
American marten in each pixel around the source, given
the dispersal ability of the species, the nature of the
dispersal function, and the resistance of the landscape
(Compton et al. 2007; Cushman et al. 2010a). We wrote
an ESRI ArcGrid script to calculate the resistant kernel
(Ry) density (ESRI 2005). The script uses the ArcGrid
COSTDISTANCE function to produce a map of the
movement cost from each source up to a specified
dispersal threshold. These cost distance grids are
inverted and scaled such that the maximum value for
each individual kernel is one. Once the expected density
around each source cell is calculated, the kernels
surrounding all sources are summed to give the total
expected density at each pixel. The results of the model
are surfaces of expected density of dispersing organ-
isms at any location in the landscape.

We specified a dispersal threshold of 15,000 cost
units, reflecting a dispersal ability of 15 km in
uniformly suitable habitat. Dispersal is poorly under-
stood in American marten due to the limited number of
studies using radio telemetry to monitor dispersal
events. Most such studies are limited by very small
sample sizes making generalization difficult. Bull and
Heater (2001) report an average dispersal distance of
18.6 km in an Oregon study area. Broquet et al. (2006)
note that marten populations reintroduced into areas
from which they had previously been extirpated
typically expand slowly at rates of less than 16 km
per decade (de Vos 1951; Gardner and Gustafson
2004), suggesting relatively limited dispersal. Aver-
age dispersal distance is typically correlated with
home range size, with longer average dispersal in
systems with larger than average home ranges. Our
study area has home ranges that are much smaller on
than average across the species range (Tomson 1999).
Therefore we expect relatively modest average dis-
persal distances. Based on these studies, we believed
that a 15 km dispersal threshold reflects a reasonable
value. The resistant kernel models produce maps of
expected connected habitat for American marten in
each resistance landscape, assuming a 15 km dispersal
threshold.

Analysis of kernel connectivity maps

To quantify the extent and connectivity of connected
American marten dispersal habitat, the maps were
reclassified into binary form for analysis in FRAG-
STATS. Any cell with non-zero kernel density value
was classified as connected and all pixels with zero
kernel density were classified as non-connected. We
used FRAGSTATS (McGarigal et al. 2002) to calcu-
late the percentage of the landscape, largest patch
index and number of patches of predicted dispersal
habitat in the resistance maps for the current and five
future climate change scenarios. The percentage of the
landscape is the simplest metric of landscape compo-
sition, and quantifies how much of the study area is
covered by potentially occupied habitat for each
species and species group. The percentage of the
landscape, however, does not quantify any informa-
tion about the configuration of that potential habitat.
Population connectivity is a function of the ability of
organisms to traverse continuously through connected
habitat. We calculated two additional landscape
metrics to provide a view of the degree of connectivity
and fragmentation of these core habitats. The number
of patches of connected habitat in the landscape
provides an intuitive measure of the degree of
fragmentation of the landscape for marten dispersal.
When habitat is fully connected there is a single patch,
and as habitat becomes progressively fragmented
habitat is broken up into successively more separate
isolated patches. It gives a global measure of the
connectivity of dispersal habitat in the study area and
is a more relevant functional measure than are patch
size, nearest neighbor distance and percentage of the
landscape in occupied habitat (McGarigal et al. 2002).
Third, we calculated the largest patch index (McGa-
rigal et al. 2002) of connected core habitat. This index
reports the extent, as a proportion of the size of the
study area, of the largest patch of connected core
habitat.

Identifying barriers and fracture zones

The FRAGSTATS analyses described above provide
quantitative evaluation of the extent and fragmenta-
tion of dispersal habitat for American marten in the
study area. However, to be most useful to guide
landscape planning and climate adaptation, analyses
need to provide spatially explicit predictions of the
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location of barriers breaking up populations and of
fracture zones where connectivity is reduced. Map-
ping barriers and fracture zones provides the informa-
tion needed for managers to identify the most critical
locations in the landscape for conservation or resto-
ration. We identified barriers as locations where the
resistant kernel predictions became zero between
patches of core habitat. We identified fracture zones
as locations where the resistant kernel predictions
resulted in narrow isthmuses joining larger blocks of
connected dispersal habitat.

Simulating current and future population genetic
structure

Simulation modeling provides explicit control over
pattern-process relationships (Bruggeman et al.
2010; Epperson et al. 2010). This enables rigorous
attribution of the causes of observed differentiation,
which is not possible in empirical studies. Simula-
tion models offer a flexible way to investigate the
behavior of idealized ecological processes in ideal-
ized landscapes. By varying functional parameters,
environmental characterization, and organism attri-
butes, scientists can investigate hypotheses about the
relative influence of different factors, their interac-
tions, and ranges of organism characteristics, such as
gradients of landscape resistance, population size or
dispersal ability. This provides a means for thorough
evaluation of complexes of factors that would be
impossible to investigate directly in the field. In
addition, simulations are particularly important in
evaluating scenarios of future landscape change,
such as the effects of climatic warming on landscape
resistance and its effects on future population genetic
structure.

We used CDPOP 0.84 (Landguth and Cushman
2010) to simulate the processes of mating and
dispersal as functions of the spatial patterns of habitat
and non-habitat on the six resistance maps corre-
sponding to the current landscape and five scenarios of
future landscape resistance. CDPOP is an individual-
based, spatially explicit, landscape genetic program
that simulates birth, death, mating and dispersal of
individuals in complex landscapes as probabilistic
functions of movement cost among them. In each of
the six landscape maps, we used the same source cells
described above in the resistant kernel analysis as
locations of individual martens. We simulated gene
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flow among these locations for 500 non-overlapping
generations. We stipulated the population to have 30
loci, with 10 alleles per locus, initially randomly
assigned among individuals and a mutation rate of
0.0005. We used an inverse square mating and
dispersal probability function, with maximum dis-
persal cost-weighted distance of 15000 m (the same
dispersal threshold used in the resistant kernel anal-
yses described above). Reproduction was sexual with
non-overlapping generations, and the number of
offspring was based on a Poisson probability draw
with mean of 4. For each of the six resistance
scenarios, we ran 25 Monte Carlo runs in CDPOP to
assess stochastic variability.

Assessing local and global population structure

We ran all CDPOP simulations for 500 generations.
Past studies have shown that this is sufficient time to
ensure spatial genetic equilibrium (Landguth et al.
2010a, b). We extracted several global measures of
population genetic structure for the full study area at
generation 500. These include total number of alleles
in the population and expected heterozygosity. We
analyzed the differences in these global measures of
genetic structure between the six different resistance
scenarios. In addition, calculated Pearson correlations
between these measures of genetic structure and the
FRAGSTATS metrics to explore the relationship
between these genetic attributes and landscape pat-
terns of connected habitat, and determine if some
genetic attributes are dominantly related to habitat
area while others are primarily related to habitat
fragmentation.

We also assessed local population genetic structure
across all six resistance scenarios. We utilized the sGD
program (Shirk and Cushman 2011) to map local total
number of alleles and expected heterozygosity. sGD
uses a variable radius focal window to calculate
locally centered values of a number of population
genetic parameters, such as allelic richness, expected
and observed heterozygosity, across spatially struc-
tured populations. We calculated the local number of
alleles and expected heterozygosity within local
windows with width equal to 1/2 of the range of
significant spatial genetic autocorrelation of the Man-
tel correlogram in the actual marten population in the
study area (Wasserman et al. 2010). This provides
spatially explicit evaluation of the population genetic
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consequences of the different barriers and fracture
zones identified by the process described above, and a
means to spatially evaluate the pattern and magnitude
of climate change effects on population genetic
structure across the study area.

Predicting effects of climate change on genetic
neighborhood extent

We compared Mantel correlograms for the simulated
current and five future landscape resistance scenarios
to determine whether habitat fragmentation resulting
from climate change is likely to alter the extent of the
genetic neighborhoods of American marten in the
study area. A shortening of the range of significant
genetic autocorrelation as a function of cost distance
would indicate that simulated climate change frag-
ments marten populations and reduces the spatial
extent of genetic neighborhoods.

L34

Fig. 2 Resistant kernel maps of predicted connected dispersal
habitat for American marten under six scenarios of climate
change. a Current population connectivity using Wasserman
et al. (2010) as the resistance map in the kernel model (optimum
1500 m), and upward movement of optimum resistance
elevation by b +100 m, ¢ +200 m, d +300 m, e +400 m,

v
3
Y

Results

Resistant kernel modeling of connected dispersal
habitat

Maps showing predicted connected dispersal habitat
for all six resistance scenarios are shown in Fig. 2. In
all scenarios populations were predicted to be
restricted to mountain ranges separated by low eleva-
tion barriers, such as the Kootenai, Priest and Pend
Oreille Rivers. Under the current resistance condition,
dispersal habitat for American marten was predicted to
exist in several large blocks (Fig. 2a). Notably, nearly
all dispersal habitat in the Selkirk Range was predicted
to exist in a single large connected patch. Likewise, all
dispersal habitat in the Cabinet Range was predicted to
reside in a single connected patch. In contrast, the
Purcell Range was predicted to be broken into seven
distinct patches that are beyond the simulated

»Y

and f +500 m. In the maps, black areas are predicted to have
non-zero positive kernel density, indicating they are part of
connected patches of dispersal habitat, while gray cells have
zero kernel density, indicating they are outside any connected
habitat
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dispersal distance from any other patches of dispersal
habitat.

Habitat was reduced and fragmented across the five
climate change scenarios (Fig. 2b—f). In the +200 m
scenario, the Purcell populations were predicted to be
highly fragmented, with several currently connected
large populations broken up (Fig. 2d). However, the
large and connected dispersal habitat patches in the
Selkirk and Cabinet Ranges remained intact. How-
ever, in the +400 m scenario, two fracture zones
appeared in the Selkirk Range, threatening connectiv-
ity between the American and Canadian portions of
the range (Fig. 2e). Similarly, at +500 m a fracture
zone appeared in the Cabinet Range, which may
represent diminished connectivity from the northern
and southern parts of that range within the study area.
At 4500 m there was extensive habitat loss and
fragmentation (Fig. 2f). In the Purcell and Cabinet
Ranges, connected habitat was predicted to be reduced
to a number of small and isolated remnant patches.
Predicted habitat loss and fragmentation was less
severe in the Selkirk Range. However, the resistant
kernel model at scenario +500 m predicted functional
isolation of the Canadian and American portions of the
range, with several barriers predicted along Boundary
and Smith Creeks which isolate the Canadian from the
American patches of connected dispersal habitat.

FRAGSTATS analysis of habitat loss
and fragmentation resulting from simulated
climate change

All three FRAGSTATS metrics indicated substantial
effects of climate change on landscape connectivity
(Fig. 3). The percentage of the landscape occupied by
connected dispersal habitat decreased from approxi-
mately 65-27% across the scenarios. This indicated a
roughly 50% loss in predicted connected habitat for
the species between current and the 4+-500 m scenario,
reflecting expected climatic warming at year 2080.
The percentage of the landscape occupied by dispersal
habitat decreased monotonically and roughly linearly,
indicating there no thresholds in the effect of climate
change on the area of dispersal habitat for American
marten.

In contrast, the two configuration metrics, largest
patch index (LPI) and number of patches (NP) both
showed threshold relationships. Both NP and LPI were
relatively stable across scenarios current to +300 m.
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Fig. 3 Graph of three FRAGSTATS metrics (percentage of the
landscape occupied by connected dispersal habitat (PLAND),
percentage of the landscape in the largest patch of connected
habitat (LPI), and the number of isolated patches of connected
habitat (NP) across the six resistance scenarios reflecting
optimum dispersal elevations of 1500, 1600, 1700, 1800, 1900
and 2000 m

However, they changed rapidly between 4300 and
4500 m, with the number of isolated patches increas-
ing rapidly and the size of the largest remaining
connected patch decreasing rapidly. From scenario
4300 to +500 m the number of isolated patches of
marten habitat increased by nearly 80% and the largest
patch index decreased by nearly 2/3. In contrast to the
linear decline in the area of connected habitat, these
results show that fragmentation of the landscape into
isolated patches occured suddenly in a threshold-like
phenomenon when the optimum elevation for marten
dispersal exceeds 1800 m (scenario +300 m).

Effects of climate change on global population
structure

Number of alleles in the population decreased mono-
tonically and roughly linearly across the scenarios
(Fig. 4). Expected heterozygosity appeared to follow a
curvilinear response to increasing temperature, with
relatively little decrease up to scenario +300 m,
followed by a much more rapid decrease (Fig. 5).

Effects of climate change on local population
structure

In the current landscape, allelic richness was highest in
the central Selkirk and Purcell mountains (Fig. 6a).
Allelic richness declined dramatically across the
climate change scenarios (Fig. 6b—e) in all parts of
the study area, with the highest allelic diversity
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Alleles at 500 generations
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Fig. 4 Side-by-side boxplots of predicted total number of
alleles in the marten population across the six scenarios. Each
boxplot shows the distribution number of alleles among 25
replicate simulation runs at generation 500
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Fig. 5 Side-by-side boxplots of predicted expected heterozy-
gosity of the marten population across the six scenarios. Each
boxplot shows the distribution number of alleles among 25
replicate simulation runs at generation 500

predicted under each scenario in the central portion of
the Selkirk Mountains. A very similar pattern was seen
for local expected heterozygosity (data not shown). As
the population is fragmented, local expected hetero-
zygosity decreased, such that by scenario +400 m
local expected heterozygosity had declined dramati-
cally across the population (Fig. 5).

Relationship between landscape structure
and population structure

The number of alleles in the population and the
expected heterozygosity were both very highly

correlated with PLAND and LPI, while expected
heterozygosity also highly correlated with the number
of isolated patches of connected habitat (Table 1).

Effect of climate change on extent of genetic
neighborhoods

The current marten population in the study area is
expected to have relatively broad-scale genetic relat-
edness (Fig. 7). Specifically, the range of significant
correlation of genetic distances among individual
martens in our simulation approximated 92,000 cost
units in the current resistance landscape (Fig. 7a). This
is very similar to the range of the empirical correlo-
gram of actual genetic data produced by Wasserman
(2008), which has a range of approximately 83,000
cost units. The range of significant genetic correlation
decreased monotonically, and variance increased,
across all five climate change scenarios (Fig. 7b—f).
This indicates that habitat loss and fragmentation due
to climate change may result in smaller and more
isolated genetic neighborhoods. This reduction in the
extent of correlated genetic neighborhoods was pre-
dicted to be quite large. For example, the range of
significant genetic correlation in the +500 m scenario
was roughly 50000 cost units, equivalent to a 46%
decrease the spatial extent of that simulated in the
current landscape (Fig. 7f).

Discussion

Climate change and population connectivity
in American marten

Recent research has shown that connectivity of
American marten populations in the northern Rocky
Mountains is driven by elevational gradients of
landscape resistance (Wasserman et al. 2010). This
relationship between gene flow and elevation probably
reflects the species’ requirement for deep snowpacks,
which are absent below roughly 1400 m in our study
area. In addition, Wasserman (2008) found that marten
select home ranges in unfragmented, mesic, middle
elevation forest. Climate change is likely to both
reduce snowpack depth and duration over relatively
short time horizons, and lead to upward migration of
optimal vegetation conditions over longer time scales.
In the current landscape, resistance to gene flow is
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Fig. 6 Plot of local allelic richness across the study area for
scenarios. a Local average number of alleles in 1500 m
scenario. Proportional change in local number of alleles

Table 1 Pearson correlations between the four population
genetic metrics (number of alleles in the population—alleles;
expected heterozygosity—HeT and the three FRAGSTATS
metrics (percentage of the landscape occupied by connected
habitat, PLAND); percentage of the landscape occupied by the
largest patch of connected habitat—LPI; number of isolated
patches of connected habitat—NP)

Alleles HeT
PLAND 0.974 0.913
LPI 0.980 0.954
NP —0.895 —0.933

minimum at 1500 m and increases as a Gaussian
function as elevations increase or decrease from that
optimum (Wasserman et al. 2010).

In our simulations, we varied the optimal elevation
across a range from 1500 to 2000 m, by 100 m steps.
If we assume that marten are responding to snowpack
and vegetation conditions that are driven by average
temperature, these scenarios reflect temperature
changes of approximately +0.65°C per 100 m sce-
nario step and +3.25°C warming at the 2000 m
optimum. The expected average temperature increase
in this portion of the Rocky Mountains between 2000
and 2080 is +3.3°C (Littell et al. 2011). Therefore, our
scenarios reflect realistic and rather modest range of

@ Springer

between 1500 m scenario and b 1600 m, ¢ 1700 m, d 1800 m,
e 1900 m, and f 2000 m. Legend in “d” applies to “b—f”

potential effects of climate change on landscape
resistance for marten. However, how rapidly this
climate change affects marten connectivity will
depend on whether connectivity is primarily driven
by snowpack conditions or vegetation type distribu-
tion along elevation gradients. Snowpack will respond
rapidly to climate change (given it is a yearly
phenomenon) while vegetation will respond much
more slowly, with time lags of up to several hundred
years (Davis 1986; Baker 1995; Cushman et al. 2007).

By applying a least cost resistant kernel approach,
we were able to map the portions of the landscape that
would be predicted to be connected by dispersal at
each scenario. The monotonic decrease in the area of
predicted connected habitat from the current land-
scape suggests that climate driven changes in habitat
connectivity may result in a 60% reduction in the area
of the landscape occupied by connected marten habitat
by 2080.

Fragmentation of marten habitat (as measured by
number of isolated patches) increases nonlinearly,
with a threshold appearing at scenario +300 m.
Between the current and +300 m scenarios the
number of isolated patches of connected habitat
remains relatively constant at between 18 and 22.
This suggests that expected warming between the
current conditions and those expected in
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Fig. 7 Mantel correlograms showing the multivariate genetic
correlation between individuals separated by successive lag
distance classes for each of the six scenarios. The scenarios are
optimum movement habitat at a 1500 m, b 1600 m, ¢ 1700 m,
d 1800 m, e 1900 m, and f 2000 m. The correlograms indicate

approximately 2040 will result in relatively little
fragmentation of marten populations in the study area.
In contrast, the number of isolated patches of habitat
increases by over 100% (from 22 to 45) between
scenarios +300 and +500 m. This suggests that
extensive population fragmentation may be expected
as a result of climate change between 2040 and 2080.
It is interesting that while the area of marten habitat
may decline smoothly with climate change, the
fragmentation of the population is likely to change
abruptly as average temperatures increase 1.5-2°C
(Fig. 3).

Genetic consequences of population fragmentation
resulting from climate change

The linear decline of allelic richness with decreasing
habitat area suggests that as habitat is lost to climate
change the total genetic diversity (as measured by
number of alleles in the population) will decline

14190 70947 127760 184464 241222

T T T T T T

14190 70947 127760 184464 241222

two major changes across scenarios: (1) substantial decrease in
the size (in cost distance) of the genetic neighborhood of
positive genetic correlation and (2) increasing variability in
genetic correlations at all lag distances

roughly proportionally. The pattern of decline suggests
that allelic richness is driven by habitat amount rather
than fragmentation and no non-linear thresholds are
expected where allelic diversity will drop dramatically
with a small change in habitat amount or connectivity.

A substantially different pattern was seen in our
simulations of expected heterozygosity. In contrast to
allelic richness, expected heterozygosity showed a
non-linear pattern of decrease across the climate
change scenarios. This suggests that expected heter-
ozygosity of the population may be more sensitive to
habitat fragmentation, which also showed a threshold
response beginning at the +300 m scenario, than to
habitat loss per se.

The rapid non-linear decline of expected heterozy-
gosity in scenarios +300 to +500 m and the mono-
tonic decline in allelic diversity have major potential
conservation implications. Loss of heterozygosity
may result in inbreeding depression (Keller and
Waller 2001). Inbreeding depression is the individual

@ Springer



222

Landscape Ecol (2012) 27:211-225

loss of fitness arising from deleterious recessive alleles
or overdominance, and has been strongly linked to
extinction risk in wild populations (O’Grady et al.
2006). In addition, the loss of allelic diversity
predicted to occur in future landscape scenarios would
be expected to reduce evolutionary potential and favor
increased risk that deleterious alleles would become
fixed in the population (Lacy 1997; Willi et al. 2006).
The reduction in fitness caused by inbreeding depres-
sion may cause a cycle of ever declining population
size and genetic diversity, ultimately resulting in
population extirpation (Lacy 1997; Tanaka 2000).

In spatially structured populations experiencing
habitat loss and fragmentation global measures of
genetic change across the full population may not be
sufficiently informative to evaluate conservation impli-
cations. In highly fragmented populations, the local
genetic structure may be highly variable as functions of
local landscape structure interacting with local popu-
lation size and dispersal. Exploring the patterns of local
genetic variation can help identify biological conse-
quences of changes in the extent and pattern of habitat
resulting from climate change (e.g. Shirk and Cushman
2011). The pattern in change in allelic richness
indicates how reductions in habitat area and increases
in habitat subdivision may affect genetic diversity in
each scenario (Fig. 6). The change from the current
scenario to 4100 m results in substantial loss of allelic
richness in small peninsular and island populations in
the Selkirk Mountains, and several places in the Purcell
mountains (green and blue areas in Fig. 6b). An area of
the central Selkirk Mountains experiences moderate
loss of allelic richness, indicating that the connection
between the northern and southern Selkirk range is
being reduced (green in Fig. 6b). This is interesting
because it shows that even modest increase in average
temperature (e.g. 0.65°C) can have relatively large
effects on local population connectivity and resulting
genetic structure. The patterns of loss across scenarios
4100 to 4500 m show progressive fragmentation
where additional portions of the population become
peninsular or insular and experience substantial reduc-
tion in allelic richness (Fig. 6¢—f).

Decreasing genetic neighborhood size
under climate change

In addition to reducing global allelic richness and
expected heterozygosity, the simulated climate change
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scenarios also dramatically affected the size of local
genetic neighborhoods. We defined local genetic
neighborhoods as the area surrounding an individual
in which a positive genetic correlation was expected. In
the current landscape there is a very long range of
genetic connectivity in the current landscape, indicating
likely extensive genetic exchange within ranges (e.g.
within the Selkirk Mountains or within the Cabinet
Mountains), but lower genetic exchange between the
ranges. This is consistent with the empirical data from
the study area, which indicate a range of genetic
correlation of approximately 83,000 cost units (Wass-
erman 2008), producing moderate genetic differentia-
tion across the study area with the largest genetic
differences seen between the Selkirk and Purcell
Mountains (Wasserman et al. 2010).

The range of genetic autocorrelation declined dra-
matically across climate change scenarios. By the
+500 m scenario, corresponding to expected climate in
year 2080 (+3.3°C, Littell et al. 2011), there was an
approximately 46% reduction in genetic neighborhood
size, reflecting genetic isolation resulting from habitat
subdivision. As climate change progresses in our
simulations, the marten population becomes progres-
sively fragmented, particularly after scenario 4300 m
(year 2040). This results in genetic isolation of small
groups of martens on the landscape, in turn reducing the
extent of genetic neighborhoods. This increases the
strength of genetic correlation between martens at small
distance classes, by reducing long range dispersal, and
increases variation in strength of genetic autocorrela-
tion at all distance classes. The large reduction in
genetic neighborhood size is closely tied to the
observed decreases in allelic richness and expected
heterozygosity. Together these indicate that climate
change is likely to fragment the marten population in
the study area, reduce the size of genetically connected
neighborhoods, and result in substantial loss of genetic
diversity and heterozygosity.

Scope and limitations

Uncertainty in the relationship between expected
warming and change in landscape resistance

We utilize a simple method of projecting future
landscape resistance in this study, which is enabled by
the relatively simple relationship between current
landscape resistance and genetic structure of the
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species. Landscape resistance for American marten in
this study area is univariate function of elevation
(Wasserman et al. 2010). There is some uncertainty in
the temperature lapse rate as elevation increases in the
study area. Based on standard environmental lapse rate
of —6.5°C/km increase in elevation (e.g., Willmott
and Matsuura 1995), each 4100 m step in our analysis
represents an increase of 0.65°C. However, average
lapse rates in the maritime Pacific Northwest are often
shallower (Minder et al. 2010). Under this calculation
each 100 m increment of our simulation would equate
to a 0.45°C increase, with +500 m equating to a
2.25°C total warming. If lapse rates are this flat, our
simulation of fragmentation is excessively conserva-
tive, and the expected impacts of the forecast 4+3.3°C
warming by 2080 are likely to be greater than reported
here.

There is also substantial variability in lapse rates
seasonally. We do not know if the observed relation-
ship between elevation and landscape resistance is
associated more strongly with winter or summer
climate. We suspect it is likely more associated with
winter, given the strong linkage between snowpack
and marten occurrence and between snowpack and
mesic forest vegetation. Across the year, spring lapse
rates are steepest (Minder et al. 2010 found 6.5-7.5°C/
km average), while summer rates are flattest. If marten
are most sensitive to winter temperatures (related to
snowpack), the expected lapse rate may be flatter than
considered in this study. This would result in our study
underestimating the effects of climate change on
habitat loss and fragmentation of this species, as a
flatter lapse rate would result in a larger upward shift
of optimum dispersal habitat per unit of warming.

Elevation is closely associated with snowpack and
gradients of forest vegetation composition and struc-
ture. Deep persistent snow pack is a critical habitat
element for the species. It excludes predators (e.g.
Coyote, Canis latrans), and provides high-quality
hunting conditions via subnivean space (Buskirk and
Ruggiero 1994). In our study area Subalpine fir (Abies
lasiocarpa) and Engelmann spruce (Picea engelman-
nii) are codominant above 1500 m, and a diverse
mixed forest of Western Larch (Larix occidentalis),
Western Red cedar (Thuja plicata), and other conifer
dominates between 1300 and 1500 m (Evans and
Cushman 2009). These forest types have been found to
be strong predictors of occurrence of marten in this
study area (Wasserman 2008). Thus the observed

relationship between elevation and gene flow probably
reflects a combination of the effects of snowpack and
vegetation gradients on dispersal. Assuming the
ecological processes that control landscape resistance
change monotonically with changing climate, it is
reasonable to project landscape resistance into the
future by linking the landscape resistance function to
current temperature and moving it upwards in eleva-
tion to reflect different degrees of warming. How
rapidly this climate change affects marten connectiv-
ity will depend on whether connectivity is primarily
driven by snowpack conditions or vegetation type
distribution along elevation gradients. Snowpack will
respond rapidly to climate change (given it is a yearly
phenomenon) while vegetation will respond much
more slowly, with time lags of up to several hundred
years (Davis 1986; Baker 1995; Cushman et al. 2007).

Conclusions

This study is the first to combine empirically derived
estimates of landscape resistance, formal projection of
these resistance surfaces under a realistic range of
climate change scenarios, simulation of habitat con-
nectivity, simulation of population-level and local
genetic diversity and evaluation of changes in the
extent of genetic neighborhoods in the current land-
scape and each future scenario. The combination of
these enables this study to quantitatively project
effects of climate change on habitat area and connec-
tivity for a climate sensitive species, and evaluate the
implications of these changes for genetic diversity.
Our results indicate that American marten in the
northern Rocky Mountains of the United States are
likely to be highly sensitive to climate change. We
predict large reductions in the area and connectivity of
dispersal habitat under a plausible range of climate
change scenarios. Expected climate change by year
2080 may reduce the extent of dispersal habitat in our
study area by over 50% and more than double the
number of isolated habitat patches. These changes in
habitat extent and pattern are likely to dramatically
reduce allelic richness and expected heterozygosity.
These genetic changes may have severe consequences.
Inbreeding depression has been strongly linked to
extinction risk and the loss of allelic diversity reduces
evolutionary potential and the risk fixation of delete-
rious alleles. The reduction in fitness due to inbreeding
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depression and loss of allelic diversity may promote a
cycle of ever declining population size and genetic
diversity, ultimately resulting in population extirpa-
tion in what has been termed an extinction vortex.
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